The dynamics of microbial growth in metal-working fluids (MWF) and the effect of the addition of biocides were studied in large fluid systems, in this case, one central tank which holds 150 m3. In this system, populations of Pseudomonas pseudoalcaligenes (>108 CFU/ml) were sustained for a year, although large quantities of biocides were added. Quantitation of 3-OH lauric acid, a marker for many Pseudomonas spp., by gas chromatography indicated that the bacterial biomass exceeded the viable counts by approximately 15 times. Fungi were grown on several occasions, the dominating genera being Fusarium and Candida. Soon after the old MWF was removed and the tank was provided with fresh MWF, which consisted of an emulsion of mineral oil in water, there was a massive growth of P. pseudoalcaligenes that reached levels of >108 bacteria per ml. Initially, only low concentrations of other species were found for some weeks. After this period, different enterobacteria and other gram-negative rods often appeared at high concentrations (107 and 108 bacteria per ml, respectively). Bacteria identified as P. pseudoalcaligenes showed great variation with respect to colony morphology and a certain heterogeneity with respect to biochemical characteristics. Certain bacterial species grew as microcolonies on metal strips immersed in the circulating MWF, but P. pseudoalcaligenes was not recovered from this habitat. The total bacterial count in the air surrounding the machines in the metal-working shop showed an inverse relation to increasing distance from the machine. The concentration of bacteria in the air varied because of the number of machines in use, temperature, and humidity. Peak values of more than 105 CFU/m3 of air were recorded. The workshop data combined with experimental studies indicated that the biocide concentrations employed in the MWF were too low to prevent microbial growth of Pseudomonas species, in particular. Stable growth of Pseudomonas spp. facilitated the establishment of other bacteria, such as enterobacteria. New strategies are in demand to prevent microbes from growing in MWF.
Large quantities of metal-working fluids (MWF) are used in industry for cooling and lubrication during metal-working processes such as turning, grinding, and cutting. The metalworking machines in a shop are often supported by MWF from a central tank system. Water-based MWF are, however, susceptible to microbial degradation, which causes deterioration of the fluid. Slime is produced, and malodor may arise. In order to control the microbial growth, biocides are added. The presence of microbes as well as biocides creates health problems.
The most common genus cultured from MWF is Pseudomonas (16, 20) . Potentially pathogenic species such as Pseudomonas aeruginosa and Klebsiella pneumoniae are frequently found (20) . However, infections in the respiratory tract have not been reported to be more frequent in people exposed to MWF (10, 12) . Skin, nose, and throat irritations are the most commonly noted complaints (11) . These problems may be caused not only by microbial products but also by other components, such as biocides, in the MWF (13) .
At high concentrations, biocides are toxic for humans, and at somewhat lower levels, they may be ineffective, particularly in heavily infected fluids. Thus, the range of useful concentrations is narrow, since the toxicity of the commonly used biocides is usually nonselective. In order to develop techniques for controlling microbial growth, more information is needed about the dynamics of microbial growth in the MWF, particularly in relation to the addition of biocides. * Corresponding author.
In the present investigation, the objective was to study the dynamics of microbial growth in the MWF of large central tank systems in use and to follow the effects of the addition of biocides. The microbial growth was monitored for 1 year in two types of MWF, a water-based mineral oil emulsion and a synthetic solution. Viable organisms, as well as bacterial mass, were measured in the MWF, and sessile bacteria were estimated. Also, the concentration of airborne bacteria around the metal-working machines was determined.
MATERIALS AND METHODS MWF. Samples of MWF were collected once a week for 1 year from two large central tank systems at a metal-working factory in Goteborg, Sweden. In one tank, the C tank, synthetic MWF (SF1 and SF2) were employed. Such MWF are composed of water-soluble organic substances dissolved in water (working dilution, 2 to 2.5%). Water was supplied from a nearby creek. Because of malfunctions, the system was emptied and cleaned, and fresh MWF was supplied in weeks 6 (SF1), 16 (SF2), and 38 (SF2) (Fig. 1) . The volume of the tank was 45 m3, and the fluid was recirculated 4 times per h. The temperature of the fluid was kept at 25°C.
The other MWF system, the D tank, contained a mineral oil emulsion in water (OW 1; 4%). Water for mixing the MWF was supplied from the city water system. The D tank had been cleaned and filled with OW 1 7 weeks before the start of the investigation. In week 28, half of the tank volume was replaced by fresh OW 1, and in week 37, the tank was completely emptied, cleaned, and refilled with fresh OW 1. surfaces by the circulating MWF with the aid of the diffusors. After appropriate incubation periods in the MWF, the test surfaces were rinsed by a water stream for 15 s in order to remove unattached bacteria from the surfaces. Microscopic analysis was performed with epifluorescence microscopy after the surfaces were stained. Chemical determination of Pseudomonas spp. by gas chromatographic analysis of 3-hydroxylauric acid. The MWF sample (1.5 ml) was diluted with 9.5 ml 1-butanol and centrifuged at 2,500 x g and 5°C for 30 min. The supernatant was carefully withdrawn and discarded. The pellet was pseudoalcaligenes were recovered and then the bacterial count increased to 107 to 108 CFU/ml and remained high. P.
pseudoalcaligenes did not dominate to the same degree in this MWF as in the mineral oil emulsion. Several other species, such as Acinetobacter spp., Alcaligenes faecalis, M. morganii, and Corynebacterium spp., were found. Enterobacteria were found only once during the whole observation period of 14 weeks. Peak recovery of Fusarium spp. coincided with the highest bacterial counts at weeks 8 and 11. The addition of chlorocresol in week 10 reduced the bacterial as well as the Fusarium spp. counts, but in the next week, the counts had increased again.
The microorganisms found in tank C, which contained synthetic MWF (SF1 or SF2) varied more (Fig. 1) . The total number of bacteria fluctuated throughout the year (105 to 1010 CFU/ml), as did the bacterial species, with P. pseudoalcaligenes and Corynebacterium spp. dominating. Other Pseudomonas species, such as P. putida, P. fluorescens, Flavobacterium odoratum, and Acinetobacter spp., were also observed. Gram-positive species in the synthetic fluid were, in addition to Corynebacterium spp., Bacillus, Staphylococcus, and Streptococcus spp. During weeks 6 to 20, P. pseudoalcaligenes or other gram-negative oxidase-positive nonfermenting bacteria dominated. Beginning in week 21, Corynebacterium spp. alone or together with gram-negative oxidase-positive nonfermenting bacteria predominated, with the exception of four occasions (weeks 31, 36, 41, and 50), when the latter group of bacteria showed the highest counts. Nearly no enterobacteria were found at the dilution tested, i.e., <2 x 103 CFU/ml. Cleaning and refilling of fresh MWF in weeks 16 and 38 reduced the bacterial count to ca. 105 CFU/ml. Bacterial regrowth was rapid and a 10-to 100-fold increase was seen after 1 tanks, and synthetic fluid was the coolant in 13 of the tanks. All of the 20 tanks that yielded growth produced dominating growth of oxidase-positive gram-negative bacteria. In one culture from a tank that contained synthetic fluid, a diphtheroid rod dominated together with the gram-negative isolate. Two samples from tanks with mineral oil emulsion and five from tanks with synthetic fluid contained fungi.
Estimation of the bacterial biomass in the MWF by gas chromatographic analysis of 3-hydroxylauric acid. Quantitation of 3-hydroxylauric acid, a marker for Pseudomonas spp. and related gram-negative bacteria, was performed on the MWF samples (Fig. 5) . The amounts of the 3-hydroxy-fatty acid in each sample corresponded to an average of ca. 10 to 15 times more bacterial cells in both tanks than the viable counts showed, excluding the values after the exchange of the MWF in the C tank. On all occasions except two, the gas chromatographic analyses showed higher values ranging from 3 to ca. 600 times. The biggest differences were seen after the exchange of the MWF in the C tank, when the viable counts had decreased 400-fold while the 3-hydroxylauric acid concentration had decreased less than 10-fold.
Effects of biocides. The addition of biocides of the D tank in quantities calculated to be bactericidal and fungicidal usually did not greatly affect the total counts or the counts of the individual microorganisms (Fig. 2) . Analysis of the Colonies of bacteria on steel plates exposed to MWF of the C tank system in the biofilm reactor. The plates were exposed to the circulating fluid for 1 (a) and 2 (b) weeks. Magnification, x 1,600.
particles small enough to reach the deepest part of the lung, the alveoli (Tables 1 and 3 ). Approximately a 100-fold decrease in viable bacteria was seen when counts from the packaging area were compared with counts from an area 0.5 m from the machine. Bacterial growth on surfaces in contact with the MWF.
Bacterial growth of 106 cells per cm2 was observed as microcolonies on the surface of steel or glass plates which had been exposed to circulating MWF from the C or D tank systems in the biofilm reactor during a 2-or 3-week period (Fig. 7) . The colony character of growth indicated multiplication in the adherent state. The main growth on the steel and glass plates in contact with the MWF of the D tank was various enterobacteria and Shewanella putrefaciens ( (Table 4) . Also, the K. pneumoniae isolate was very similar. P. pseudoalcaligenes, which dominated in the MWF, was not isolated from the steel or glass surfaces. No enterobacteria were grown from the plates in the C tank (Table 4 ). This result was in agreement with the presence of bacteria in the fluid. Pseudomonas species other than P. pseudoalcaligenes and other oxidase-positive gram-negative and gram-positive bacteria were found. In vitro studies on survival and growth of bacteria in the MWF. The biocide-containing synthetic MWF, SF1 and SF2, were capable of killing two isolates of P. pseudoalcaligenes from the D tank ( Fig. 8a and b) . In contrast, these two bacterial strains survived in the mineral oil emulsion, OW 1 ( Fig. 8a and b) . A Corynebacterium isolate from the C tank was, however, resistant to all MWF (Fig. 8b) .
The importance of the growth of P. pseudoalcaligenes for the establishment of other bacteria in the mineral oil emulsion is shown in Fig. 3 . Only when growth of P. pseudoalcaligenes had preceded the inoculation with K. oxytoca did the growth of the latter take place. The bacterial count of P. pseudoalcaligenes, approximately 108 CFU/ml, was stable during the days after the inoculation of K. oxytoca.
When a formaldehyde-liberating biocide, Grotan BK (200 ppm), was added to the mineral oil emulsion, none of the separately incubated enterobacteria (S. lomita, S. irumu, or Shigella sonnei) survived in the fluid (Fig. 4a) . If P. pseudoalcaligenes was preincubated with the MWF for 6 days prior to the addition of Grotan BK and the inoculation of bacteria, the Salmonella strains survived (Fig. 4b) . The survival of Shigella strains was also increased. The yeast, C. albicans, grew well under both conditions ( Fig. 4a and b (5, 16, 20, 22) . P. pseudoalcaligenes is difficult to distinguish from Pseudomonas oleovorans (7) , which has been reported to be the most common finding in mineral oil emulsions (20) (Fig. 3, 4 , and 8) supported this hypothesis, since growth of P. pseudoalcaligenes was a prerequisite for the survival and multiplication of several enterobacteria in mineral oil emulsions with biocides.
As judged from the measurements of 3-hydroxylauric acid in MWF from both tank systems ( Fig. 5a and b (Table 4) . These adhering bacteria were usually also recovered from the MWF. However, P. pseudoalcaligenes was never cultivated from the plates of the biofilm reactor, although it was the dominating species in the MWF. Ruseska et al. (18) showed that bacteria colonizing the walls were more resistant against biocides in the MWF than bacteria suspended in the MWF, probably because the bacteria colonizing the walls were protected in the microbial mass. Low efficiency of a biocide may also be due to the development of bacterial resistance and breakdown. Pseudomonas spp. are known for carrying plasmids related to the breakdown of halogenated phenols (3) .
Yeast (Candida species) and mold (Fusarium, Cephalosporium, and Cladosporium spp.) were found in the tank with mineral oil emulsion, which is in agreement with earlier reports (16, 17 (2, 9) . Thus, the limited effect of the biocides and the fact that MWF systems often are underdosed because of the toxicity of the biocides call for alternative strategies in controlling the microbial growth. Indeed, a first step should be to monitor the biocide concentrations in the MWF in order to keep the concentration in the interval which allows antimicrobial action without toxic side effects. Such measures have already been taken at the factory which we studied.
When the metal-working machines were running, a microbial aerosol was generated in the machine hall. The bacterial species found in the air were the same as that found in the fluid. The differences in bacterial counts between the sampling occasions could be explained by differences in the number of machines running, as well as variations in the temperature and humidity. The viability of airborne gramnegative bacteria is dependent on the temperature, humidity, and suspending fluid (21) . The decreases in viable bacterial units (CFU per cubic meter) with an increase in distance from the machine from 0.5 to 3 m were from 35,000 to 780 CFU/m3 for P. pseudoalcaligenes and from 390 to 130 CFU/m3 for the A. viridans ( (8, 19, 21) . Consequently, viable counts of the aerosol grossly underestimated the microbial mass inhaled by the metal workers, in particular, since the viable counts in the MWF represented less than 10% of the bacterial mass (Fig. 5) . Analysis by the Limulus amoebocyte lysate assay (Coatest endotoxin, Kabi Diagnostica, Molndal, Sweden) of air at a distance of 0.5 m from the machine (week 15) (Table 1) showed at least 100 times more endotoxin than expected from the viable count. Thus, in most instances, the microbial mass, particularly endotoxin (lipopolysaccharide), in the aerosol amounts to at least 100-fold the viable counts. The airborne live bacteria were recovered in aerosol particle sizes small enough (Table  3) to reach the lung parenchyma. In a concurrent study on metalworkers exposed to the MWF in the workshops, we found significantly elevated levels in serum of antibody against P. pseudoalcaligenes, particularly in the immunoglobulin Gl and G2 subclasses (14; I. Mattsby-Baltzer, L. Edebo, B. Jarvholm, B. Lavenius, and T. Soderstrom, manuscript in preparation). The present results demonstrate that large quantities of bacterial components have been present in aerosols and available for antigenic stimulation via the respiratory route.
